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(54) LEAD-FREE SOLDER 

(57) A lead-free solder alloy having a relatively low 
melting temperature and suitable for use to solder elec- 
tronic devices consists essentially of: from 7 to 10 wt% 
of Zn; at least one of from 0.01 to 1 wt% of Ni, from 0.1 
to 3.5 wt% of Ag, and from 0. 1 to 3 wt% of Cu; optionally 
at least one of from 0.2 to 6 wt% of Bi, from 0.5 to 3 wt% 
of In, and from 0.001 to 1 wt% of P; and a balance of Sn. 
Another such lead-free solder alloy consists essentially 
of: from 2 to 1 0 wt% of Zn; from 1 0 to 30 wt% of Bi; from 
0.05 to 2 wt% of Ag; optionally from 0.001 to 1 wt% of P, 
and a balance of Sn. These solder alloys have a tensile 
strength of at least 5 kgf/mm 2 and at least 10% elonga- 
tion. 
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Description 

TECHNICAL FIE LD 

5 The present invention relates to solder alloys which are completely free from lead and yet suitable for use in solder- 
ing of electronic devices without producing thermal damaga 

PACKQRQUNPAFT 

w Sn-Pb alloys have been used in soldering since ancient times, and they are still most popular for soldering elec- 
tronic devices to printed circuit boards or other substrates. 

When they are to be discarded, electronic appliances including televisions, radios, audio or video recorders, com- 
puters, copying or printing machines, etc. may be disposed of in landfills, since they are composed of various materials 
such as synthetic resins used for housings and printed circuit boards, and metals used for wires and other electric con- 

15 nections. and frames, and are not suitable for disposal by incineration. 

In recent years, the phenomenon of acid rain has become serious since the acidity of rain is increasing mainly due 
to discharge of sulfur oxide into the atmosphere by extensive use of fossil fuels such as gasolines and fuel (heavy) oils. 
Acid rain causes the solders used in discarded electronic appliances present in landfills to dissolve and penetrate into 
the ground. If such contaminated groundwater is ingested by a person for many years, the accumulation of lead in the 

20 person's body may result in lead poisoning (plumbism). From this viewpoint, there is a need of a lead-free solder alloy 
in the electronics industry. 

Conventional lead-free solder alloys are Sn -based alloys such as Sn-Ag and Sn-Sb alloys. In Sn-Ag alloys, an Sn- 
3.5Ag alloy is the eutectic composition with a melting temperature of 221 °C. Even if this composition having the lowest 
melting temperature among Sn-Ag alloys is used as a solder alloy, the soldering temperature will be as high as from 

25 260°C to 280°C, which may cause thermal damage to heat-sensitive electronic devices during soldering, thereby dete- 
riorating their functions or rupturing the devices. Of Sn-Sb alloys, an Sn-5Sb alloy has the lowest melting temperature, 
but its melting temperature is as high as 235°C in the solidus line and 240°C in the liquidus line. Therefore, the soldering 
temperature is in the range of from 280°C to 300°C, which is still higher than that of the Sn-3.5Ag alloy, and thermal 
damage to heat-sensitive electronic devices cannot be avoided. 

30 in view of the relatively high melting temperatures of Sn-Ag and Sn-Sb alloys as solder alloys, many attempts to 
lower their melting temperatures have been proposed. See, for example, Japanese Patent Applications Laid-Open (JP 
A1)Nos. 

6- 15476(1994). 6-344180(1994), 7-1178(1995), 7-40079(1995). and 

7- 51883(1995). 

35 The solder alloys disclosed in these Japanese patent applications contain Bi and/or In (indium) in a large proportion 
in order to lower the melting temperatures. Although Bi and In are both effective for decreasing the melting tempera- 
tures of Sn-Ag and Sn-Sb solder alloys, the addition of Bi and/or In in a large amount is accompanied by the following 
problems. Addition of Bi in a large proportion makes the solder alloys very hard and brittle. As a result, it is impossible 
or difficult to subject the solder alloys to plastic working into wire, or when they are used to solder electronic devices, 

40 the soldered joints may be readily detached when subjected to only a slight impact. Addition of indium in a large pro- 
portion to solder alloys is undesirable due to its very high cost. 

In order to avoid thermal damage to electronic devices during soldering, the soldering temperature should be 
250°C or lower, and in order to perform soldering at such a temperature, it is desirable that the liquidus temperature of 
the solder alloy be 210°C or lower and preferably 200°C or lower. 

45 However, with the above-described approaches to lower the melting temperatures of Sn-Ag and Sn-Sb solder 
alloys by addition of Bi and/or In. it is difficult to decrease the liquidus temperature of the alloys to 200°C or lower unless 
Bi and/or In is added in a large amount. Furthermore, even though it is possible to provide a solder alloy having a liq- 
uidus temperature lowered to 200°C or lower by such a means, the solidus temperature thereof, at which solidification 
of the alloy is completed, may also be lowered even more, so that it takes a prolonged period of time to completely solid- 

so ify the solder alloy in soldered joints formed by soldering. As a result, if the soldered joints is subjected to any vibration 
or impact before they are completely solidified, they may be cracked. 

Another problem of conventional lead-free solder alloys is that those lead-free alloys having liquidus temperatures 
which are low enough to be close to their solidus temperatures do not have satisfactory mechanical properties such as 
tensile strength and elongation, thereby forming soldered joints which have poor bonding strength or which are liable to 

55 be detached upon impact. 

It is an object of the present invention to provide lead-free solder alloys having a liquidus temperature which is 
below 21 0°C and preferably below 200°C and a solidus temperature or peak temperature, at which solidification of the 
alloy is completed or substantially completed, is relatively close to the liquidus temperature. 
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It is another object of the present invention to provide lead-free solder alloys which have good bonding strength 
when used for soldering. 

A more specific object of the present invention is to provide a lead-free solder alloy having the following properties. 

5 1 ) It can be used at a soldering temperature below 250°C and preferably from 230°C to 240°C so as to prevent ther- 
mal damage to heat-sensitive electronic devices during soldering. 

2) It has quite good solderability. 

3) It has a narrow (solidification) temperature range between the liquidus and sotidus temperatures (or peak tem- 
perate at which solidification is substantially completed) such that the alloy is rapidly solidified after soldering in 

io order to prevent the resulting soldered joints from being cracked when vibration or an impact is applied immediately 
after soldering, the temperature range being close to the eutectic temperature of Sn-Pb alloy 

4) It produces soldered joints having a bonding strength which is high enough to prevent the joints from being 
detached upon application of an impact. 

5) It can be easily subjected to plastic working into wire such that it can be used for soldering with a solder iron. 

15 

DISCLOSURE OF THE INVENTION 

An Sn-based alloy having a eutectic temperature close to that of an Sn-Pb eutectic alloy (183°C) is an Sn-92n alloy 
(eutectic temperature: 199°C). However, the mechanical strength, particularly the tensile strength of the Sn-92n alloy 
20 is not so high that it cannot form soldered joints having good bonding strength. We have found that addition of Ni, Ag, 
and/or Cu is quite effective in order to improve the tensile strength and hence bonding strength of Sn-Zn alloys to such 
a degree that they can be adequately used to solder electronic devices. 

The melting temperatures of the resulting alloys having improved tensile strength may be increased to such a 
degree that electronic devices may be thermally damaged during soldering, particulariy when Ag is added. In such 
25 cases, addition of Bi in a relatively large amount along with Ag results in improvement in the tensile strength of Sn-Zn 
alloys without a significant increase in the melting temperatures. 

Broadly, the present invention provides a lead-free solder alloy consisting essentially of: 

from 2 to 10 wt% of Zn; 

30 at least one of from 0.01 to 1 wt% of Ni ( from 0.05 to 3.5 wt% of Ag, and from 0. 1 to 3 wt% of Cu; 

from 0 to 30 wt% of Bi, from 0 to 3 wt% of In, from 0 to 1 wt% of P. and a balance of Sn, wherein the solder alloy 
has a tensile strength of at least 5 kgf/mm 2 and at least 10% elongation. 

In one embodiment of the present invention, a lead-free solder alloy consists essentially of: from 7 to 10 wt% of Zn: 
35 at least one of from 0.01 to 1 wt% of Ni, from 0.1 to 3.5 wt% of Ag, and from 0.1 to 3 wt% of Cu: optionally one or more 
of from 0.2 to 6 wt% of Bi, from 0.5 to 3 wt% of In, and from 0.001 to 1 wt% of P: and a balance of Sn. 

In another embodiment of the invention, a lead-free solder alloy consists essentially of: from 2 to 1 0 wt% of Zn; from 
10 to 30 wt% of Bi; from 0.05 to 2 wt% of Ag; optionally from 0.001 to 1 wt% of P, and a balance of Sn. 

AO BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention is now described in detail. In the following description, all percents concerning alloy compo- 
sitions are by weight. 

The lead-free solder alloys according to the present invention are intended as a substitute for conventional Sn-Pb 
45 alloys. Therefore, it is desired that the melting temperatures, i.e., liquidus and solidus temperatures of these alloys be 
close to the eutectic temperature of Sn-Pb alloys (183°C). The melting temperatures of the lead-free solder alloys are 
preferably in the range of 183°C ± 30°C. The liquidus temperatures are preferably 210°C or lower and more preferably 
200°C or lower. As long as a solder alloy has a liquidus temperature below 2 1 0°C. soldering can be performed at a tem- 
perature below 250°C. thereby eliminating or minimizing thermal damage to heat-sensitive electronic devices. The 
so solidus temperatures (or peak temperatures) of the solder alloys are preferably above 150°C, more preferably above 
170°C. and most preferably above 180°C. If the solidus temperatures are lowered to less than 150°C. it takes a pro- 
longed time for the alloys to solidify after soldering, and if the soldered joints are subjected to any vibration or impact 
before they are completely solidified, they will be cracked. 

The bonding strength of a soldered joint is correlated to the tensile strength of the solder alloy used, and the level 
ss of tensile strength required for solder alloys varies depending on the purposes of soldering. The tensile strength (at 
break) required for solder alloys used to solder electronic devices is at least 5 kgf/mm 2 . A solder alloy having a tensile 
strength less than 5 kgf/mm 2 is not reliable since soldered joints formed therefrom may be detached when subjected to 
impact. 
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It is also generally necessary for solder alloys to have a percent elongation which is high enough for the alloys to 
be deformed into wire by plastic working in order for the alloys to be used in the form of wire when soldering is per- 
formed with a soldering iron. In this regard, at least 10% elongation is normally required for solder alloys in order to per- 
form plastic working smoothly 

5 The solder alloys according to the present invention meet these requirements for mechanical properties, i.e.. a ten- 
sile strength at break of at least 5 kgt/mm 2 and an elongation of at least 10%. Preferably, they have a tensile strength 
of at least 10 kgf/mm 2 and/or an elongation of at least 20%. 

While a binary molten alloy is cooled to solidify it. significant heat generation occurs around the liquidus tempera- 
ture at which the molten alloy begins to solidify and around the solidus temperature at which the solidification is com- 
w pleted. Thus, when the cooling process is monitored by differential thermal analysis, two exothermic variations are 
observed around the liquidus and solidus temperatures, respectively, on the resulting thermogram. 

In a ternary or higher alloy, an additional exothermic variation may be observed at a temperature between the liq- 
uidus and solidus temperatures of the alloy, and the exotherm or heat release at that temperature is greater than that 
at the solidus temperature. In such a case, most of the molten alloy is solidified at that temperature before the temper- 
15 ature goes down to the solidus temperature. When the cooling process of such an alloy is monitored by differential ther- 
mal analysis, the resulting thermogram has a third exothermic variation, between the liquidus and solidus temperatures, 
showing heat release greater than that at the solidus temperature. For this reason, the temperature at which the third 
exothermic variation occurs is referred to as the peak temperature. In a solder alloy having such a peak temperature 
between the liquidus and solidus temperatures, the peak temperature can be essentially regarded as a solidus temper- 
ed ature since solidification of the alloy is mostly completed at the peak temperature before the temperature reaches the 
true solidus temperature. An alloy having a peak temperature above 170°C can be used successfully as a solder for 
electronic devices, even though its true solidus temperature is less than 150°C. 

These circumstances particularly apply to the lead-free solder alloy in a second embodiment of the present inven- 
tion containing a large proportion of Bi. In this embodiment, the liquidus temperature of the alloy is significantly lowered 
25 by addition of a large proportion of Bi to an Sn-Zn alloy, which may also cause a still more significant decrease in the 
solidus temperature toward 135°C, that is the Sn-Bi eutectic temperature. However, according to the present invention, 
such an Sn-Zn-Bi solder alloy can be satisfactorily used as a substitute for Sn-Pb eutectic solder by selecting the com- 
position such that the peak temperature of the alloy is above 1 70°C, even though the solidus temperature of the alloy is 
as low as 135°C. 

30 A solder alloy according to a first embodiment consists essentially of Zn: 7% - 10%; one or more of Ni: 0.01%- 1%, 
Ag: 0.1% - 3.5%. and Cu: 0.1% - 3%; optionally at least one of Bi: 0.2% - 6%, In: 0.5% - 3%. and P: 0.001% - 1%; and 
a balance of Sn. The composition of the solder alloy in the first embodiment was determined for the following reasons. 

Zn:7%-10% 

35 

In an Sn-Zn alloy containing no or a small proportion of Bi and/or indium (In) according to the first embodiment, if 
the Zn content is less than 7% or more than 10%. the alloy will not have a liquidus temperature in the range of 183°C ± 
30°C and preferably below 210°C. The Zn content is preferably 8% - 10% and more preferably 8.5% - 9.5%. 

40 Ni: 0.01% - 1%. Ag: 0.1% - 3.5%, Cu: 0.1% - 3% 

Ni is effective for improving the mechanical properties of an Sn-Zn alloy by refining the crystal grains in the solidifi- 
cation structure of the alloy. This effect is not appreciable if the Ni content is less than 0.01%. Addition of more than 1% 
Ni abruptly increases the liquidus temperature of the alloy, resulting in an increase in the soldering temperature such 

45 that electronic devices may be thermally damaged. The Ni content is preferably from 0.05% - 0.5%, more preferably 0. 1 
- 0.3%, and most preferably 0.1 - 0.2%. 

Similarly. Ag is effective for improving the mechanical strength of an Sn-Zn alloy, and it is also effective for improving 
the corrosion resistance of the alloy. These effects are not appreciable if Ag is added in an amount of less than 0.1%. 
Addition of more than 3.5% Ag abruptly increases the liquidus temperature of the alloy, resulting in an increase in the 

so soldering temperature such that electronic devices may be thermally damaged. The Ag content is preferably from 0.1% 
to 2.0%, more preferably 0.1% - 1 .0%. and most preferably 0.1% - 0.5%. 

Likewise, Cu has a significant effect on improvement of the mechanical strength of an Sn-Zn alloy. In the cases 
where electronic devices are soldered to a printed circuit board having a copper foil conductor formed thereon by dip 
soldering in a molten solder bath, the presence of Cu in the molten solder alloy bath has the additional effect of sup- 

55 pressing the diffusion of copper in the copper foil conductor into the molten solder bath. These effects are not appreci- 
able if Cu is added in an amount of less than 0.1%. Addition of more than 3% Cu causes precipitation of an Sn-Cu 
intermetallic compound, thereby abruptly increasing the liquidus temperature of the alloy and deteriorating the severa- 
bility thereof. The Cu content is preferably from 0.1% to 2.0%, more preferably 0.1% - 1 .0%, and most preferably 0.1% 
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- 0.5%. 

Bi: 0.2% -6%, In: 0.5% -3% 

5 Addition of Bi or In to an Sn-Zn alloy which contains one or more of Ag, Cu. and Ni is effective for decreasing the 
melting temperature of the alloy. Therefore, one or both of Bi and In may optionally be added in relatively small propor- 
tions, in addition to one or more of Ni, Ag, and Cu. However, the melting point of the alloy is not appreciably towered if 
Bi is added in an amount of less than 0.2% or In is added in an amount of less than 0.5%. 

Addition of more than 6% Bi to an Sn-Zn alloy which contains one or more of Ag, Cu, and Ni makes the alloy so 

10 hard and brittle that it is difficult to apply plastic working to deform the solder alloy into wire. Furthermore, after soldering 
is completed, the resulting soldered joints may be readily detached when subjected to impact. When added, Bi is pref- 
erably present in an amount of 1% - 6% and more preferably 2% - 5% in the alloy. 

indium (In) is a very expensive metal, and addition of a large amount of In decreases the melting temperature of 
the alloy excessively to such a degree that the melting temperature is beyond the desired range of 183°C ± 30°C. For 

is these reasons, the proportion of In is limited to up to 3%. When added. In is preferably present in an amount of 1% - 
3% and more preferably 2% - 3% in the alloy. 

P: 0.001% -1% 

20 Zn is a highly oxidizabfe metal. Therefore, while a Zn-containing solder alloy is kept in a molten state in dip solder- 
ing, Zn is preferentially oxidized to form zinc oxide, which may interfere with soldering, resulting in the formation of 
defective soldered joints. Addition of P to a Zn-containing solder alloy serves to effectively prevent oxidation of the sol- 
der alloy since P forms a thin film on the top surface of the molten solder alloy and hence prevents the solder alloy from 
directly contacting the surrounding air. Such an oxidation-preventing effect is not appreciable if the P content is less 

25 than 0.001%. Addition of more than 1% P deteriorates the solderability of the solder alloy. When added, P is preferably 
present in an amount of 0.005% - 0.5%, more preferably 0.005% - 0.1%. and most preferably 0.005% - 0.05% in the 
alloy. 

When Ag is added alone (without Ni or Cu) to an Sn-Zn solder alloy in order to improve the mechanical properties 
thereof, the melting temperature of the alloy may increase excessively. In such cases, Bi can be added in a relatively 
30 large amount (from 1 0% to 30%) to decrease the melting temperature, as in a second embodiment of the present inven- 
tion. 

In the second embodiment, a solder alloy consists essentially of Zn: 2% - 10%, Bi: 10% - 30%, Ag: 0.05% - 2%, 
optionally P: 0.001% - 1%. and a balance of Sn. Due to the addition of Bi in a relatively large amount, the solder alloy 
has a quite low solid us temperature which may be as low as around 135°C, the Sn-Bi eutectic temperature. However, 
35 by selecting the Zn and Ag contents as above, the alloy has a relatively high peak temperature above 1 70°C and around 
180°C in most cases. Therefore, substantial solidification of the solder alloy takes place in a short period during solder- 
ing, thereby minimizing the possibility that the soldered joints are cracked upon application of vibration or impact thereto 
before they are substantially solidified. 

The alloy composition of the solder alloy in the second embodiment was determined for the following reasons. 

40 

Zn:2%-10% 

in an Sn-Zn alloy containing a relatively large amount of Bi, if the Zn content is less than 2% or more than 10%. the 
alloy will not have a liquidus temperature below 200°C. The Zn content is preferably from 4% - 10% and more preferably 
45 7% - 10% in order to obtain the effects of addition of Ag and Bi sufficiently. 

Bi:10%-30% 

Addition of less than 10% Bi is not sufficient to decrease the liquidus temperature of the Sn-Zn-Ag alloy to 200°C 
so or lower. On the other hand, addition of more than 30% Bi significantly decreases the ductility and makes the alloy brit- 
tle. Preferably Bi is added in an amount of from 10% - 25%, more preferably 15% - 25%, and most preferably 18% - 
24%. 

Ag: 0.05% - 2% 

55 

Ag is effective for improving the mechanical strength of an Sn-Zn alloy, and it is also effective for improving the cor- 
rosion resistance of the alloy. In Sn-Zn alloys containing 10% - 30% Bi, these effects are not appreciable if Ag is added 
in an amount of less than 0.05%, and addition of more than 2% Ag abruptly increases the liquidus temperature of the 
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alloy, resulting in an increase in the soldering temperature such that electronic devices may be thermally damaged. The 
Ag content is preferably from 0.05% - 1%. preferably 0.05% - 0.5%, and most preferably 0.1% - 0.3%. 

P: 0.001% • 1% 

5 

In order to prevent oxidation of zinc of the solder alloy in molten state, P may be added as described above for the 
first embodiment. 

The following examples are presented to further illustrate the present invention. These examples are to be consid- 
ered in all respects as illustrative and not restrictive. 

w 

EXAMPLES 
EXAMPLE 1 

is This example illustrates Sn-Zn solder alloys which additionally contain Ag and/or Cu with or without Bi. In, and/or 
P in accordance with the first embodiment 

Molten solder alloys having the compositions shown in Table 1 were cast into tensile test rods each having a central 
neck portion measuring 50 mm in length and 10 mm in diameter according to the JIS specifications. The tensile test 
rods were used to determine the tensile strength and elongation at break of each solder alloy, which are also shown in 

20 Table 1 . 

Table 1 further includes the melting temperatures, i.e., solidus temperature (S.T.) and liquidus temperature (LT.) of 
each solder alloy determined by differential thermal analysis. 

For comparison, conventional lead-free Sn-based solder alloys were tested in the same manner as described 
above, and the test results are also shown in Table 1 . 

25 A molten solder alloy of Alloy No. 1 shown in Table 1 was poured into a solder bath of an automatic dip soldering 
apparatus and used to solder electronic devices on printed circuit boards while the temperature of the molten solder 
alloy was maintained at 240°C. Visual inspection of the soldered electronic devices on the boards showed no signs of 
thermal damage or deterioration. 

The other solder alloys in Table 1 according to the present invention can be used for soldering in the same manner. 

30 Since all the solder alloys according to the present invention shown in Table 1 have liquidus temperatures of 210°C or 
lower, dip soldering can be performed at a temperature of molten solder alloy (soldering temperature) of 250°C or 
below. Therefore, thermal damage to electronic devices can be eliminated or minimized. Also it is noted that the solidus 
temperatures of these alloys are as high as at least 180°C giving narrow solidification temperature ranges, thereby 
ensuring that the molten solder alloy in soldered joints is rapidly solidified in a short period after soldering and cracking 

35 is minimized. 
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TABLE 1 



15 



20 



25 



30 



Alloy No. 


Alloy Composition (wt%) 




Tensile 
otrengtn 
(kgf/mm 2 ) 


% Elongation 




Sn 


Zn 


Ag 


Cu 


Bi 


In 


P 


Others 


ST. 


LT. 






1 


Bal. 


9 


0.2 












199 


200 


5.76 


62.8 


2 


Bal. 


9 


0.3 


0.3 


- 


3 






191 


209 


6.10 


36.1 


3 


Bal. 


9 


0.2 


- 


5 


- 


0.01 




191 


200 


8.32 


18.4 


4 


Bal. 


7 


0.2 


- 


6 


- 






180 


210 


10.07 


14.6 


5 


Bal. 


8 


0.3 


- 


- 


2 






196 


201 


5.75 


33.3 


6 


Bal. 


8 


0.3 


- 


3 


2 






181 


198 


8.85 


25.3 


7 


Bal. 


9 


0.2 


0.2 


4 








191 


203 


8.10 


20.6 


8 


Bal. 


8 




0.3 




3 






191 


205 


7.90 


35.2 


9 


Bal. 


9 




0.5 










198 


207 


6.18 


47.5 


10 


Bal. 


8 


0.2 


0.2 


3 


3 






181 


198 


8.59 


31.0 


11 


Bal. 


7 


0.2 


0.5 










198 


207 


6.22 


46.3 


12* 


Bal. 


9 














199 2 


4.82 


62.8 


13* 


Bal. 




3.5 












221 2 \ 


4.60 


52.0 


14* 


Bal. 














Sb:5 


235 


240 


4.20 


49.5 


15* a 


Bal. 








10 


10 






153 


240 


5.50 


10.1 


16* 


Bal. 




5 


0.2 


20 






Ga:0.5 


133 


197 


8.00 


1.7 


17*° 


Bal. 


5 


2 




14 






Sb'2 


182 


183 


6.70 


1.1 



(Notes) 

" : Conventional lead-free Sn-based solder alloys 
55 "a: Solder alloy described in JP A1 7-1 1 78(1 995) 
•b: Solder alloy described in JP A1 7-40079(1 995) 
*c: Solder alloy described in JP A1 7-51 883(1 995) 
1 : M.T.=Melting Temp.; S.T.«Solidus Temp.; L.T.=Uquidus Temp. 
2 : Eutecttc Alloy 

40 

When Alloy No. 3 which additionally contains P is used in a molten state for dip soldering, oxidation of zinc in the 
solder bath can be prevented as stated above, thereby minimizing the number of times of removing oxidized products 
from the bath. 

45 All the solder alloys in Table 1 according to the present invention had a tensile strength of at least 5 Kgf/mm 2 and 
at least 10% elongation (at least 20% elongation except for Alloy Na 4). Thus, these solder alloys can form soldered 
joints with sufficient bonding strength and can be satisfactorily subjected to plastic working into wire, and the soldered 
joints will not be dislodged upon application of impact. 

In contrast, conventional lead-free solder alloys have a liquidus temperature above 210°C, and/or a tensile strength 

so of less than 5 kgf/mm 2 or less than 1 0% elongation. 

EXA MPLE; g 

This example illustrates Sn-Zn solder alloys which additionally contain Ni with or without Ag, Cu, Bi, In, and/or P in 
ss accordance with the first embodiment. 

The alloy compositions of the solder alloys which were prepared are shown in Table 2 along with the values for ten- 
sile strength, elongation, and melting temperatures (solidus and liquidus temperatures) determined in the same manner 
as described in Example 1 . 
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Molten Alloy No. 1 shown in Table 2 was poured into a solder bath of an automatic dip soldering apparatus and 
used to solder electronic devices on printed circuit boards while the temperature of the solder alloy was maintained at 
240°C. Visual inspection of the soldered electronic devices on the boards showed no signs of thermal damage or dete- 
rioration. 

5 As can be seen from Table 2, since all the solder alloys shown in this table have liquidus temperatures at 21 0°C or 
lower, dip soldering can be performed at a temperature of molten solder alloy (soldering temperature) of 250°C or 
below. Therefore, thermal damage to electronic devices can be eliminated or minimized. Also it is noted that the solidus 
temperatures of these alloys are as high as at least 180°C giving narrow solidification temperature ranges, thereby 
ensuring that the molten solder alloy in soldered joints is rapidly solidified in a short period after soldering and cracking 

io is minimized. 



TABLE 2 
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Alloy No. 


Alloy Composition (wt%) 


M.T.YC) 


Tensile 
Strength 
(kg^mm 2 ) 


% Elongation 






Sn 


Zn 


Ni 


Ag 


Cu 


Bi 


In 


P 


ST. 


LT. 






20 


1 


Bal. 


9 


0.1 












199 


200 


6.24 


68.8 


2 


Bal. 


8 


0.2 




0.3 




3 




191 


205 


8.51 


40.1 




3 


Bal. 


8 


0.1 










0.01 


199 


200 


5.80 


61.5 




4 


Bal. 


7 


0.1 






6 






180 


210 


11.76 


20.6 


25 


5 


Bal. 


8 


0.1 








2 




196 


201 


6.85 


39.3 




6 


Bal. 


8 


0.1 






3 


2 




181 


198 


9.45 


31.3 




7 


Bal. 


9 


0.2 


0.2 


0.2 


4 






191 


203 


8.43 


25.4 




8 


Bal. 


9 


0.1 




0.5 








198 


207 


6.86 


52.3 


30 


9 


Bal. 


9 


0.1 


0.3 


0.3 




3 




191 


209 


6.42 


42.7 




10 


Bal. 


8 


0.1 


0.2 


0.2 


3 


3 




181 


198 


9.10 


39.3 




11 


Bal. 


9 


0.2 


0.2 




5 




0.01 


191 


200 


8.85 


23.3 


35 


12 


Bal. 


7 


0.2 


0.2 


0.5 








198 


207 


6.53 


49.5 




13 


Bal. 


9 


0.1 








3 


0.01 


196 


198 


7.90 


36.1 



(Notes) 1 : 

M.T.ttMeKing Temp.; S.T.«SoHdus Temp.; LT.^Liquidus Temp. 

40 



Alloys Nos. 3. 1 1 , and 13 additionally contain P, and when these alloys are used in a molten state for dip soldering, 
oxidation of zinc in the solder bath can be prevented, thereby minimizing the number of times of removing oxidized prod- 
ucts from the bath. 

45 All the solder alloys shwon in Table 2 have a tensile strength of at least 5 kgf/mm 2 and at least 20% elongation. 
Thus, these solder alloys can form soldered joints with sufficient bonding strength and can be satisfactorily subjected 
to plastic working into wire, and the soldered joints will not be detached when subjected to impact. 

EXAMPLE 3 

so 

This example illustrates Sn-Zn solder alloys which additionally contain Ag with a relatively large amount of Bi and 
optionally P in accordance with the second embodiment. 

The alloy compositions of the solder alloys prepared are shown in Table 3 along with the values for tensile strength, 
elongation, and melting temperatures (solidus, peak, and liquidus temperatures) thereof determined in the same man- 
56 ner as described in Example 1 . 
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TABLE 3 



Alloy No. 


Alloy Composition (wt%) 


M.T. 1 (°C) 


Tensile Strength 
(kgt/rnm 2 ) 


% Elongation 




Sn 


Zn 


Bi 


Ag 


In 


P 


ST. 


RT. 


LT. 






1 


Bal. 


8 


11 


0.1 






164 


189 


195 


11.6 


12 j 


2 


Bal. 


9 


16 


0.2 






135 


185 


193 


11.4 


10 


3 


Bal. 


10 


20 


0.2 




0.01 


136 


180 


187 


11.7 


10 


4 


Bal. 


8 


13 


0.1 






157 


187 


193 


11.1 


14 


5 


Bal. 


8 


22 


0.3 






135 


178 


183 


11.7 


11 


6 


Bal. 


5 


24 


0.1 




0.01 


137 


176 


181 


12.0 


11 


7 


Bal. 


7 


18 


0.3 




0.01 


134 


183 


189 


11.7 


10 


8 


Bal. 


6 


22 


0.1 






134 


177 


182 


11.3 


13 



1 : M.T.=Melling Temp.; 

S.T.=SoHdus Temp.; P.T.=Peak Temp.; LT ^Liquidus Temp. 



Molten Alloy No. 1 shown in Table 3 was poured into a solder bath of an automatic dip soldering apparatus and 
25 used to solder electronic devices on printed circuit boards while the temperature of the solder alloy was maintained at 
250°C. Visual inspection of the soldered electronic devices on the boards showed no signs of thermal damage or dete- 
rioration. 

As can be seen from Table 3, since all the solder alloys shown in this table have liquidus temperatures below 200°C, 
dip soldering can be performed at a temperature of molten solder alloy (soldering temperature) of 250°C or below. 

30 Therefore, thermal damage to electronic devices can be eliminated or minimized. The solidus temperature of these sol- 
der alloys are relatively low (in the range of 134°C - 164°C), but their peak temperatures at which the solder alloys are 
substantially solidified are in the range of 176°C - 189°C and are much higher than their respective solidus tempera- 
tures. Therefore, despite the low solidus temperatures, they are substantially solidified in a short period during solder- 
ing, and cracking of soldered joints which may occur upon application of vibration or impact during cooling can be 

35 minimized. 

Alloys Nos. 3, 6, and 7 additionally contain P, and when these alloys are used in a molten state for dip soldering, 
oxidation of zinc in the solder bath can be prevented, thereby minimizing the frequency of removal of oxidized products 
from the bath. 

All the solder alloys shown in Table 3 have a tensile strength of at least 10 kgf/mm 2 and at least 10% elongation. 
40 Thus, these solder alloys can form soldered joints with sufficient bonding strength and can be subjected to plastic work- 
ing into wire, and the soldered joints will not be detached upon application of impact. 

INDUSTRIAL APPLICABILITY 

45 Although the solder alloys according to the present invention are lead-free, Sn-based alloys, they have either a liq- 
uidus temperature below 210°C and a solidus temperature above 180°C as illustrated in Examples 1 and 2 or a liquidus 
temperature below 200°C and a peak temperature above 1 70°C as illustrated in Example 3, thereby giving a relatively 
narrow solidification temperature range between the liquidus temperature and either the solidus or peak temperature. 
Therefore, thermal damage to electronic devices can be eliminated or minimized, and cracking of soldered joints 

so formed from these solder alloys can also be minimized. 

Furthermore, these solder alloys have a tensile strength of at least 5 kgf/mm 2 and at least 10% elongation, which 
are sufficient to provide good bonding strength, prevent detachment of soldered joints upon application of impact, and 
enable the alloys to be plastically worked into wire. 

Thus, the lead-free solder alloys according to the present invention are satisfactorily used in place of Sn-Pb alloys 

55 which are conventional solder alloys currently used to solder electronic devices, thereby preventing contamination of 
groundwater. 

It will be appreciated by those skilled in the art that numerous variations and modifications may be made to the 
invention as described above with respect to specific embodiments without departing from the spirit or scope of the 
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invention as broadly described. 
Claims 

5 1 . A lead-free solder alloy consisting essentially of: 
from 2 to 10 wt% of Zn, 

at least one of from 0.01 to 1 wt% of Ni. from 0.05 to 3.5 wt% of Ag, and from 0.1 to 3 wt% of Cu. 
from 0 to 30 wt% of Bi, 
w from 0 to 3 wt% of In, 

from 0 to 1 wt% of P. and 

a balance of Sn. said solder alloy having a tensile strength of at least 5 kgtmim 2 and an elongation of at least 
10%. 

15 2. A lead-free solder alloy consisting essentially of: 
from 7 to 10 wt% of Zn, 

at least one of from 0.01 to 1 wt% of Ni, from 0.1 to 3.5 wt% of Ag, and from 0.1 to 3 wt% of Cu, 
from 0 to 6 wt% of Bi, 
20 from 0 to 3 wt% of In, 

from 0 to 1 wt% of P, and 
a balance of Sn. 

3. The lead-free solder alloy of Claim 2 which contains at least one of from 0.2 to 6 wt% of Bi and from 0.5 to 3 wt% 
25 of In. 

4. The lead-free solder alloy of Claim 2 which contains from 0.001 to 1 wt% of P. 

5. The lead-free solder alloy of Claim 3 which contains from 0.001 to 1 wt% of P. 

30 

6. The lead-free solder alloy of Claim 2 which consists essentially of: 

from7to10wt%ofZn. 

at least one of from 0.1 to 3.5 wt% of Ag and from 0.1 to 3 wt% of Cu, 
35 from 0 to 6 wt% of Bi, 

from 0 to 3 wt% of In, 
from 0 to 1 wt% of P, and 
a balance of Sn. 

40 7. The lead-free solder alloy of Claim 6 which contains at least one of from 0.2 to 6 wt% of Bi and from 0.5 to 3 wt% 
of In. 

8. The lead-free solder alloy of Claim 6 which contains from 0.001 to 1 wt% of P. 
45 9. The lead-free solder alloy of Claim 7 which contains from 0.001 to 1 wt% of P. 

1 0. The lead-free solder alloy of Claim 2 which has a tensile strength of at least 5 kgf/mm 2 and at least 1 0% elongation. 

1 1 . The lead-free solder alloy of Claim 2 which has a liqutdus temperature of 210°C or lower and a solidus temperature 
so of 180°C or higher. 

12. A lead-free solder alloy consisting essentially of: 

from 2 to 10 wt% of Zn, 
55 from 10to30wt%of Bi, 

from 0.05 to 2 wt% of Ag, 
from 0 to 1 wt% of P, and 
a balance of Sn. 
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13. The lead-free solder alloy of Claim 12 which contains from 0.001 to 1 wt% of P. 

14. The lead-free solder alloy of Claim 12 which has a tensile strength of at least 10 kgf/rnm 2 and at least 10% elonga- 
tion. 

15. The lead-free solder alloy of Claim 12 which has a liquidus temperature of 200°C or lower and a peak temperature 
of 180°C or higher. 
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